Some techniques are described for objectively analyzing atmospheric variables, particularly winds and cloud motions, and for refining the analyses to improve their meteorological
Introduction
This article describes some numerical methods using computers, to analyze and forecast meteorological variables, particularly in the tropics. Much current research on tropical meteorology is concerned with the interpretation and use of satellite observations, and such data will be basic to the Global Atmospheric Research Program. Discussions of various observations from satellites have been given by Rados (1969) , and Tepper and Ruttenberg (1976) . Because satellite data are voluminous, computer processing is necessary, insofar as is possible.
For several years, the writers have investigated numerical techniques including the following:
(1) Objective (grid point) analysis of winds and other meteorological fields. Examples of applying these methods in tropical meteorology are illustrated and an outline is presented showing how various types of satellite observations and conventional data could be analyzed and combined to be suitable for input to numerical models.
Numerical methods
Many types of measurements require preliminary processing before being analyzed; however, such processing is normally specialized so that it cannot be discussed in general terms. For example, wind measurements made by commercial aircraft over the oceans are a valuable source of data, but they contain a relatively large number of errors. After removal of most of these errors by a special technique involving comparison of neighboring reports (Mancuso, 1972) , the data are ready for objective analysis as described next.
Grid point analysis
A grid-point value of a meteorological variable (such as u or v wind components, height, or temperature) is computed as a least-squares fit to several of the nearest observations. These observations are weighted inversely with distance, in a manner similar to that in use at the National Meteorological Center (Cressman, 1959) and elsewhere. An important feature of the present technique is that up-stream or down-stream observations are given greater weight than crossstream observations at equal distances from the grid point. This gives an elliptic field of weights with the long axis in the local direction of flow. The resulting analyzed fields are elongated in the manner generally followed by skilled analysts in dealing with streaky phenomena.
A theoretical discussion of such anisotropic weights has been given by Sasaki (1971) . Another feature of the method is that first-guess fields can be introduced with prescribed weights; such fields are significant in areas of few observations but of little influence where data are dense. As currently formulated, the method determines a grid-point value by fitting a first-degree polynomial by least squares to K nearby observations. For typical meteorological observations, the number K is chosen in the range from 5 to 10.
In general, the observational data used are those nearest to the grid point; however, whenever possible, at least one observation is required to be selected from each of the four angular quadrants (0°-90°, 90°-180°, 180°-270°, 270°-360°). This tends to keep the analysis smooth in regions of poorly distributed reports. This method of analysis has proved to be satisfactory and a detailed description of it has been prepared by Mancuso (1972) . A typical wind analysis is illustrated in Fig. 1 . This analysis is one of a series made from rawinsonde observations in the Caribbean in July 1966. The wind date ( Fig. la) are badly distributed geographically, as is generally the case. The objective analysis ( Fig. 1 b) does some smoothing where data are dense and interpolates elsewhere according to its rules. In our experience, the results are equivalent in accuracy to those obtained by skilled subjective analysis. The vectors in Fig. 1 were drawn by hand; however, this step has been replaced by computer-generated plots shown later. Kinematic fields such as vorticity and divergence are computed from the grid-point values of u and v components.
Computation of stream function, velocity
potential, and balanced height These three fields are computed from the familiar Poisson equations involving relative vorticity, divergence, or combined terms given by the balance equation. The technique of computation described by Mancuso (1967) uses the alternating direction implicit (ADI) method of relaxation whereby new values in entire rows (or columns) of the grid are computed simultaneously. According to Young (Chap. 11 in Todd, 1962) the ADI method is considerably faster and more accurate than point relaxation methods.
It also facilitates the use of normal gradient boundary conditions so that a separate computation of boundary values, which is often troublesome, is elided. The fields of stream function and velocity potential were computed in this way for Fig. 1 and are shown in Fig. 2 .
Direct alterations to wind fields
Wind analyses based on sparse wind reports are, of course, imperfect, and improving them by reference to other information is desirable. One approach to this is to alter the divergence and vorticity fields implied by a wind analysis. A method for making such alterations has been given previously (Endlich, 1967) . Because divergence and relative vorticity fields are related to clouds (as discussed later in Section 3), it seems possible to improve them by reference to cloud patterns. If this can be done, the technique will apply generally since clouds are depicted in detail by satellites over large areas. For example, in matching kinematic properties of the low-level wind field to clouds, one would wish to have convergence generally associated with low clouds and divergence with noncloudy regions.
On the basis of such decisions about divergence (or vorticity), the computation of new winds is easily made and will be illustrated later.
Other applications of direct alterations are in computing nondivergent and irrotational wind fields, and in solving the balance equation for either geostrophic winds from observed winds (Endlich, 1968) or nondivergent winds from geostrophic winds (Endlich, 1970) . A further application of wind alteration is in numerical prediction as discussed in Section 4.
Vertical balancing of divergence
The computation of meaningful divergence and vertical motion fields from wind observations is known to be difficult. Alternative methods also have serious troubles, particularly in the tropics. Recently, several authors (e.g. Lateef, 1967; O'Brien, 1970; and Kung, 1972) have given methods for computing reasonable values of kinematic vertical motion.
The basic concept is to compute and adjust divergence values so that they give near-zero vertical motions at an upper boundary level, usually chosen in the stratosphere.
The method selected here is similar and follows an argument given by Pfeffer (1962 Here we have neglected the advection of density, and used the hydrostatic equation so that *pi is the pressure difference across the layer. Using the analyzed values of D, the summation in (2) generally has a nonzero value F, which must be removed. That is, F is divided into n parts, *i =(aiFi)/(*pi*ai) where ai is a weighting factor for layer i that increases from 1.0 in the lowest layer to 1.5 in the highest layer. These values for the factor ai have been chosen to cause the largest corrections to divergence to be made at the higher altitudes where analyses are currently more uncertain than in the lower layers. The appropriate correction *i is then subtracted from each original value of Di in the column to give corrected values that sum to zero using (2). Vertical motions consistent with the corrected divergence fields are then computed using the equation of continuity, with *=0 at the earth's surface. Transformations between *'s and *'s are made using the relation w=-*/*g. The above procedure gives values of vertical motion that are on the order of a cm sec-1, similar in magnitude to those analyzed by Lateef (1967) , Kung (1972) , and others.
An example of computed values is shown later.
2.5. Numerical advection. The advection of scalar fields is a critical part of any forecasting model. Advection should both preserve the shape of the original fields, including their small-scale features, and be computationally stable for relatively long time steps. A wide variety of techniques are described in the literature. We have obtained good results with an ADI method (Endlich, 1970 ) that uses time steps of an hour (or more) for a 2.5° by 2.5° spherical mesh. An example of applying this method in a numerical prediction is given later.
3. An application to cloud motion vectors Recent studies (for example, Fujita, Watanabe, and Izawa, 1969; Serebreny et al., 1969; and Hubert and Whitney, 1971) have established that many clouds of small to intermediate size move with the winds in the lower troposphere to a good degree of approximation.
Based on this fact, Fujita, Watanabe, and Izawa (FWI) made an interesting analysis of cloud motions in the tropical Pacific.
The cloud velocities were computed from sequences of spin-scan camera pictures obtained in September 1967 by the ATS-1 satellite, and were analyzed by hand.
We wish to determine to what extent the subjective analysis of FWI can be duplicated by objective techniques as follows:
(1) An objective analysis made of the cloudmotion vectors. (2) The analysis modified to fit certain values of vorticity and divergence determined objectively from the cloud patterns. The motion vectors of clouds determined by FWI were read with care from their charts; they are shown in Fig. 3 for a portion by isolines in Fig. 4 . The major cloud mass is located slightly south of 10°N.
The objective analysis of the cloud-motion vectors of Fig. 3 on a 2 .5-degree latitude-longitude grid is shown in Fig. 5a . (This particular analysis was made using an earlier version of the technique described in Section 2A, and the results shown here are not optimum.) Careful comparison of these vectors with the streamlines given by FWI regarding flow direction shows general agreement but some differences in detail. Thus, the objective analysis does not duplicate all of , the smaller features of the subjective one. A different way of expressing the same fact is to compare the kinematic properties of the objective analysis with those given by FWI for the subjective analysis. The correlation between the objective and subjective vorticity fields is 0.71, which shows generally good agreement. The divergence of the objective analysis has a correlation of 0.50 with the FWI divergence values, which is relatively poor.
The objective cloud-motion analysis, however, can be made to agree exactly with the subjective one by using the FWI divergence and vorticity to alter the objective analysis (Fig. 5a ) using the direct alteration method (Section 2.3). The result of this alteration, shown in Fig. Sb , is the vector equivalent of the FWI streamlineisotach analysis of the low-level cloud motions.
The computation given above is in a practical sense artificial, because accurate divergence and vorticity fields are not generally known. However, the two kinematic fields are related to cloud patterns, and perhaps can be deduced from them. To explore this possibility in the present case, the FWI vorticity and divergence were correlated with cloud amount, the simplest cloud descriptor easily available.
For vorticity, the correlation is 0.64, and the linear regression equation (for vorticity in the units 10-5secr1) is *=-1.0+ 0.28 C, where C is the cloud amount in tenths. Similarly, divergence has a correlation of -0.63 with cloud amount, and a regression equation D=0.7-0.19 C. More sophisticated treatments than this are possible. For example, distributions of synoptic-scale cloud layers have been related to isentropic horizontal and vertical motions (Nagle et al., 1967) . The vertical motions are, of course, associated with divergence fields. Also, Williams (1970) has subdivided tropical cloud clusters into groups such as developing or conservative. For each group, he found typical relationships to vorticity and divergence fields. Improved satellite sensors in various portions of visible and infrared spectrum will facilitate further studies of this type. Refer now to the cloud amounts shown in Fig. 4 and the simple regression equations given above to obtain vorticity and divergence fields that conform to the clouds to a first approximation. These fields are shown in Figs. 6a. and 6b. The wind-altering technique can be used to change the objective wind analysis (Fig. 5a ) to conform to Figs. 6a and 6b. The resulting wind field shown in Fig. 7 is a reasonably good approximation to the FWI analysis (represented by Fig. 5b, as mentioned earlier) . In summary, this experiment indicates that an objective analysis of cloud-motion vectors gives reasonably good results although not identical to a subjective analysis of the same vectors made by meteorologists who simultaneously considered the locations of major cloud masses. Also, if patterns of vorticity and divergence can be determined to fit cloud patterns, they can be used to transform an imperfect objective analysis (perhaps based on limited data) into an adjusted wind field that is a close approximation to a skilled subjective analysis.
An application in numerical prediction
The techniques discussed in Section 2 have application in numerical prediction as well as in analysis. For example, if a numerical model gives predicted vorticity and divergence fields at the end of a time step, the winds at the beginning of the time step can be made to conform to these predicted values by direct alterations. The altered winds are then suitable for use in the next computational cycle. The writers are currently developing a multilayer prediction model that will be discussed separately at a later time. In this section some preliminary results are shown.
The wind field in the surface to 850 mb layer for the Caribbean is shown in Fig. 8a On this particular occasion, there was a convergent cyclonic circulation near the center of the grid (at 22.5°N, 75°W). The vertical motions at 850 mb computed from the vertically balanced divergence are also shown. The flow in the upper Wind data in the future will probably continue to include scattered rawinsonde reports that can be given a relatively high weighting because of their familiar nature. Aircraft winds over certain parts of the oceans may be numerous and therefore useful. Cloud motion vectors may be obtained in relatively large numbers when automated methods for obtaining them are perfected. (It will be necessary to learn how to use infrared measurements to assign altitudes to the cloud motion vectors.) Winds from constant level balloons tracked by satellites are also planned for the upper troposphere or lower stratosphere.
In addition, isentropic air motions in cloud-free regions can probably be obtained from profiles of temperature and humidity measured by satellites (Endlich, Mancuso, and Nagle, 1972) .
These various wind or motion data can be assigned to appropriate vertical layers and analyzed objectively with a certain degree of accuracy. In addition, we would introduce thermal winds (except in a small equatorial belt where the assumptions are invalid) to add vertical consistency. The thermal winds would be determined from horizontal temperature gradients obtained from the temperature profiles measured remotely by satellites.
Next, the divergence and vorticity of the original wind analyses would be altered to be in harmony with the cloud patterns, using relationships such as those described in Section 3. Then, vertical balancing of the divergence fields would be done as described earlier.
Wind fields having the final desired divergence and vorticity would be computed by direct alterations. Stream function and velocity potential would be computed from these winds as needed. In addition, the winds at a certain level (perhaps in the midtroposphere) would be used to compute reference heights using the balance equation (see Endlich et al., 1972) . The final geopotential field at the reference level would be computed by combining these balanced heights with radiosonde heights, pressure-height data from constant-level balloons, and possibly also with height information obtained by combining temperature-profile measurements with density measurements from occultation satellites (Lusignan, 1968) . Referencelevel heights and thickness values from temperature profiles could be used to compute height fields at other altitudes. The various analyses would then be used as initial data in a numerical model. This general approach is indicated in outline form in Fig. 10 . Of course, other developments in sensors or computational techniques not included here might alter the scheme significantly; however, the figure may be helpful in visualizing a combined analysis for the tropics.
Concluding remarks
The examples given above illustrate the application of some numerical methods in analyzing and manipulating meteorological information, including winds and remotely measured temperature profiles, for input to numerical prediction models. The writers believe that these methods can be applied in the next few years to make efficient use of the voluminous data to be obtained by satellites and other observational tools.
